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Abstract 
In this paper, the influence of size effect on the sensitivity of Cu/CuNi thin-film thermocouple was studied through 
experiments and theoretical analysis. Cu/CuNi thin-film thermocouples with different thicknesses of 0.5μm, 1.0μm, 
1.5μm and 2.0μm were fabricated on the substrate with SiO2 lining by means of reactive magnetron sputtering. After 
static calibration, the sensitivities of the thermocouples were obtained respectively of 46.49μV/ , 45.23μV/ , ć ć
44.56μV/  and 43.94μV/ . ć ć According to the experimental results, it can be seen that the sensitivity of Cu/CuNi 
thin-film thermocouple is higher than that of the bulk Cu/CuNi thermocouple, and the sensitivity S will increase with 
the reciprocal of the thickness 1/į as long as the thickness of the film is greater than the critical value. 
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1. Introduction 
In recent years, the development of thin-film thermocouples (TFTCs) has received considerable 
attention. Due to the characteristics such as small thermal capacity and fast response time, TFTCs were 
extensively applied in transient temperature measurements [1, 2]. Hackemann P. A [3] took advantage of 
thin-film thermocouple to measure the surface temperature of the bore after shooting in World War Ċ, 
which was the first application of TFEC. Then in the 1960s, Japanese workers [4] used the cleat type thin-
film thermocouple sensor to measure the transient temperature of the wall in combustion engines. Since 
the year of 2000, thin-film thermocouples have been widely used in Microelectric mechanical Systems 
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(MEMS), for example, Hongseok Choi and Xiaochun Li [5], in the University of Wisconsin at Madison, 
had taken the advantage of the rapid response characteristic of thin-film thermocouple with the hot 
junction of 2h2mm2, and successfully realized the transient temperature monitoring of the micro-
processing laser system. 
Sensitivity is a crucial performance parameter of the thin-film thermocouple. To enhance the 
sensitivity, many researchers have tried to improve the preparation procedure of thin-film thermocouple, 
but little attention had been paid to the influence of size effect on the sensitivity. Researches [6] have 
shown that thin-film metal materials can exhibit typical size effect, namely, the electrical characteristics 
will change with the thickness of the thin film. The thickness of hot junction in thin-film thermocouple is 
usually in micrometer range, so the characteristics of hot junction will also be influenced by the thickness 
of the thin film. Marshall [7], who had studied numerous thermocouples of nickel, iron, copper, 
constantan, chromel and alumel, stated that the maximum thermoelectric power could be obtained only if 
the film thickness was greater than 250nm. 
In this paper, the preparation procedure of Cu/CuNi thin-film thermocouples by reactive magnetron 
sputtering was introduced firstly. Furthermore, the sensitivities of Cu/CuNi thin-film thermocouples with 
different film thicknesses of hot junction were measured by experiment. Finally, the relationship between 
sensitivity and thickness of the Cu/CuNi thin-film thermocouple was given. 
2. Experimental details 
Cu/CuNi, as a kind of normal thermocouple metal material, has been widely used in the measurement 
of temperature which ranges from 400ć  to -200ć . The thermoelectric properties and linearity of 
Cu/CuNi thermocouple are satisfactory, such as high stability and sensitivity, etc. In this paper, Cu/CuNi 
was chosen as the thin-film electrode material so as to meet the requirement of air temperature 
measurement. 
The Cu/CuNi thin-film thermocouples were fabricated on the silicon substrate by reactive magnetron 
sputtering. High purity Cu(99.999%) and CuNi(99.9%, 60%:40%) targets were utilized for deposition. 
Because of the permeation between the metal film and the semiconductor, a barrier layer composed of 
SiO2 should be deposited on the surface of the silicon substrate at first. Before deposition, the initial 
pressure was set 5.0h10-4Pa. For Cu and CuNi, the Ar flow rates were 14 cm3/min and 37cm3/min, the 
working pressures were 1.0Pa and 0.5Pa, and the sputtering power was 50W and 40W, respectively. By 
controlling the sputtering time, films of different thicknesses could be obtained, and then the Cu/CuNi 
thin-film thermocouples with different thicknesses of 0.5μm, 1.0μm, 1.5μm and 2.0μm were 
accomplished. The thicknesses of the films were measured by Stylus Profiler. In addition, the areas of all 
hot junctions were 2h2mm2.  
3. Results and discussion 
After sensitivity static calibration experiments, the data were fitted by the least square method, and the 
results were shown in Fig.1. The linearity of the four Cu/CuNi thin-film thermocouples is satisfactory, 
and the slope of the straight line indicates the sensitivity of the thin-film thermocouple. It can be seen 
from Table 1 that the sensitivities of the four Cu/CuNi thin-film thermocouples change with the 
thicknesses. 
Among all kinds of transport properties, thermoelectric power is the most sensitive one to the 
distortions of Fermi surface. Free electron theory describes the conductivity and galvanomagnetic 
behaviors of metals that, when the film thickness į is comparable to the mean free path of the charge 
carriers, all the transport processes are expected to exhibit size effects. It is generally considered that  
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Fig. 1.Static calibration results of the Cu/CuNi thin-film thermocouples with different thicknesses. (a) thickness of 0.5μm,              
(b) thickness of 1.0μm, (c) thickness of 1.5μm, (d) thickness of 2.0μm 
 
Table 1.Sensitivities of thin-film thermocouples with different thicknesses 
Parameter  Sample 1 Sample 2 Sample 3 Sample 4 
Thickness į/μm 0.5 1.0 1.5 2.0 
Sensitivity S/(μV/ć) 46.47 45.23 44.32 43.98 
 
thermoelectric power of metals results from Fermi surface touching the zone boundary. According to 
Pauli Exclusion Principle, at the temperature of absolute zero, the charge carriers are always below the 
zone boundary which is also called quantization state. With the temperature growing up, the thermo- 
electric power must be explained by the electron energy transition of the Fermi surface area. In the free 
electron theory, Wiedemann-Franz law describes the relationship between thermal and electrical 
conductivity of the metals that, when the temperature is not too low, the ratio of the thermal and electrical 
conductivity of the metal is proportional to the temperature. 
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In Eq.(1), Ȝ stands for thermal conductivity of the metal, ı the metal resistivity, k the Boltzmann 
constant, T the temperature, e the absolute magnitude of the electron charge. The processes of heat and 
electron transport are similar, and all the electrons involved in the transportation are near to the Fermi 
surface. So the electronic thermoelectric power SB of metals and alloys is given by Eq. (2). 
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where                         = ln lnU l [w w , = ln lnV A [w w                                             (3) 
where A stands for the area of the Fermi surface, ȟ the Fermi energy, l the mean free path of the metal. 
According to the quantum theory, it can be approximately assumed that V=1. For the size effect theory of 
metal films, when metal film thickness į is greater than the critical thickness į0, we can arrive at the 
following relationship under the Fuchs model 
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Since the electrical conductivity is reciprocal of the resistivity, ȡ=1/ı. Therefore, the Eq. (5) gives us 
the relationship of electric conductivity between film and bulk materials. 
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where p stands for the scattering coefficient which represents the fraction of scattering from two sides of 
the thin-film metal accounting for the initial scattering with the opposite direction, and it is a very 
important physical parameter for size effect in the free electron theory. On the basis of Wiedemann-Franz 
law, the mean free paths for electronic and thermal transportation processes are the same. From Eq. (2) 
and (5), we can obtain 
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According to the Matthiessen’s rule, the metal resistivity is an overlapped outcome of different 
contributions of scattering from surface and interior structure of the metal. As for metal thin-film 
materials, this rule is also available. So we can get the thermoelectric power for metal thin film by Eq. (7). 
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It can be noticed that Eq. (7) can reflect the relationship of the thickness į and the thermoelectric 
power characteristic ƸS of metal thin film. On the basis of the theory of Seebeck effect, the sensitivity of 
the Cu/CuNi thin-film thermocouple S is confirmed by the difference between the thermoelectric power 
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of Cu and CuNi. If ƸSCu and ƸSCuNi stand for the Seebeck coefficients of Cu and CuNi thin film 
respectively, then S is given by  
Cu CuNiS S S '  '                                                                  (8) 
From Eq. (7) and (8), the relationship between sensitivity S and reciprocal of the thickness 1/į of 
Cu/CuNi thin-film thermocouple can be obtained and shown in Fig.2. It is in agreement with the data in 
Table 1. A graph of S and 1/į was fitted based on the experiment results, on which the first point stands 
for the sensitivity of bulk Cu/CuNi thermocouple. It can be seen from Fig.2 that the sensitivity of thin-
film thermocouple is higher than the bulk ones, of which we assume the thickness is approaching to 
infinity. And for the case when į˚į0, the sensitivity of Cu/CuNi thin-film thermocouple increases 
gradually with the increase of 1/į. 
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Fig.2. Relationship between the sensitivity S of thin-film thermocouple and the reciprocal of the thickness1/į 
4. Conclusions 
A series of Cu/CuNi thin-film thermocouples with different thicknesses were fabricated by reactive 
magnetron sputtering. Compared with the bulk Cu/CuNi thermocouple, Cu/CuNi thin-film thermocouple 
has improved a lot in sensitivity. The experiment results not only show the high linearity and excellent 
thermoelectric properties of Cu/CuNi thin-film thermocouple, but also indicate that size effect could 
make a crucial influence on its sensitivity. It can be proved by theoretical analysis and experiment results 
that the sensitivity of Cu/CuNi thin-film thermocouple increases with reciprocal of the thickness 1/į. 
Consequently, we could enhance the sensitivity of thin-film thermocouple through reducing the thickness 
į appropriately.  
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